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Abstract 

We study the impact of the atmospheric differential chromatic refraction on the mea- 
surements and precision of relative astrometry. Specifically, we address the problem 
of measuring the separations of close pairs of binary stars with adaptive optics in 
the J and K bands. 

We investigate the influence of weather conditions, zenithal distance, star's spec- 
tral type and observing wavelength on the astrometric precision and determine the 
accuracy of these parameters that is necessary to detect exoplanets with existing 
and planned large ground based telescopes with adaptive optics facilities. The ana- 
lytical formulae for simple monochromatic refraction and a full approach, as well as 
moderately simplified procedure, are used to compute refraction corrections under 
a variety of observing conditions. 

It is shown that the atmospheric refraction must be taken into account in astro- 
metric studies but the full procedure is not necessary in many cases. Requirements 
for achieving a certain astrometric precision are specified. 

Key words: atmospheric effects, astrometry, stars: binaries, instrumentation: 
adaptive optics 
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1 Introduction 



Recently, the atmospheric refraction ( AR) has bee n subject of several studies 
about its impact on the observations (IRod . |2002| ). the determination of AR 
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atmosphere and the refraction assumes spherical symmetry o f the Earth and 



the dependence on local weather conditions (eg. iGreenl . 119851 ) . The refraction 
decreases the real zenithal distance of an object Zt- The refraction angle R = 
zt — Za, where Za denotes the apparent observed zenithal distance, is highly 
dependent on many factors such as the observing wavelength, air pressure and 
temperature, humidity and Zt itself. In infrared it usually reaches tenths of 
arcseconds. For relative astrometry, it means that AR changes the apparent 



separation of two stars at two different zenithal distances by R21 
Ri 



\R2- 

along the direction to the zenith. The smaller the difference between the 
zenithal distances of stars, the smaller R21. Nevertheless, even for separations 
of several arcseconds, AR's contribution to the apparent separation can be 
larger than the precision of an astrometric measurement. Clearly, the impact 
of AR on the relative astrometry of close pairs deserves to be studied carefully. 



Modern adaptive optics (AO) systems allow us to obtain diffraction-limited 
images of stars. Sharp and well sampled images are the key to achieving fias- 
precision which in case of close binaries means an ability to detect massive 
planets around their compon ents. A precision below 100 ^as was already 



achie ved with the 8-m VLT (INeuhauser et al.l . 120061 ) and 200-in Hale tele 



scope ICameron et al.l (120081 ). Future large and extremely large telescopes like 
the Thirty-Meter Telescope, Giant Magellan Telescope or the European Ex- 
tremely Large Telescope, equipped with a new-generation extreme AO (ExAO) 
should reach a level of astrometric precision of 10 /las or better. Such a preci- 
sion is sufficient to astrometrically detect the movement of a 1 Mq star 10 pc 
away around a common mass-center with a body of ~ 0.16 Jupiter masses on 
a 1 AU orbiiPI. As we will demonstrate, the relative astrometry at this level 
of precision will require very accurate knowledge of meteorological conditions 
near the telescope. 



2 Modeling AR 



2. 1 Refractive index n 



It is not straightforward to derive an analytic formula for a refr a ctive index 
n. A relatively si mple but useful approximation is given by iRod ( 120021 ) who 
uses and corrects Shubert fc Walterscheid (l2000f ): 



See Equation 4.1 in iHelminiak &: Konacki (|2008l ) 
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where the observing wavelength, A, is given in /im, p, T andpw are the pressure 
[hPa], temperature [K] and partial pressure of water vapor [hPa] respectively. 
The symbols with the index s refer to the standard values of air pressure 
(1013.25 hPa) and temperature (288.15 K). 



Shubert fc WalterscheidI (120001 ) computed values of n for the range of wave- 
lengths from 0.2 to 10 /xm. This regime contains many regions, where the 
presence of atmo spheric CO-? a nd water vapor lines cause fluctuations in the 
refractive index (iMatharl . 12004). These so called resonances m ake the depen- 
dence of n{X) not so simple as IShubert fc WalterscheidI ( l2000l ) claim. It is es- 
pecially important for the K band which "redder" side is strongly influenced 
by a resonance with water at ~ 2.6 fim. 



This p articular resonance is also not included in the model proposed by lCiddor 



(Il996l . with further supplements) which now is considered as the state-of-the- 
art and is recommended for geological and astronomical research. This model 
is based on a revised equation for the density of moist air (with CO2), known 
as the BIPM 1981/91 equation (Davis, 19921 ) and assumes that the atmosphere 
is a mixture of "dry air", containing a variable amount of carbon-dioxide and 
water vapor. The entire recip e for calculatin g the refractive inde^PI is rather 
complicated (Appendix B in: ICiddon . Il996l ). The validity of Ciddor's model 
extends from 0.3 to 1.7 yum and from 100 to 1400 hPa. It means that we need 
to extrapolate it to the K band (~ 2.2 fiin) without any warranty of validity, 
but it covers lower air pressures typical for high-altitude observatories. 



The last model we considered was presented by iMathai] fl2004l ). It is based on 
the calculations of a complex- valued dielectric function e (where n = ^{^/e)) 
as the response of a superposition of independent mol ecular oscillators whose 
strengths were derived from the HITRAN database (IRothman et al. 1, E998). 
Almost 60,000 H2O and CO2 lines between 0.44 and 25 fim were incorporated 
to ensure that the influence of the resonances. For the results obtained outside 



the resonances, the following smooth polynomial was fitted (IMathaii . 120071 ): 



n 



1 = ^ Ci{T,p,H){u -Uref) 
i=0,5 



(2) 



^ In lCiddoj (|l996l ) named the "phase" index, not the "group" one 
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Ci{T,p,H) = Ciref 

+ CiT{l/T - l/Tref) + Qtt(1/T - l/TrefY 

+ CiH{H — Href) + CiHH{H — H^efY 

+ Cip{P - Pref) + Cipp{p - Preff (3) 

+ C,TH{l/T-l/Tref){H-H,.ef) 

+ CiTp{l/T - l/Tref){p - Pref) 

+ CiHp{H - Href){p - Pre/), 

where H denotes the relative humidity (in %), = 1/A is the wavenumber 
and reference values for T, p and H are set to 290.65 75,000 Pa and 
10 % respectively. Values of all c coefficients and Vref are de pendent on th e 
wavelength range and for 1.3 to 2.5 /xm are given in Table I in lMathaii (120071 ). 
This range also limits the validity of the fit. 

In order to compare the three models above, we plot in Figured] the refractive 
index as a function of wavelength. For all the cases the conditions are p = 
1013.25 hPa, T = 288.15 50% of relative humidity and 375 ppm (particles 
per million) of CO2 (not present in Roe's model). The transmission curves of 
J, H and K filters of the Palomar High Angular Resolution Camera (PHARO 



Hay ward et al.l . I2OOII ) are overplotted. 



The Ciddor's model, considered here as the reference one, produces values 
significantly higher by about 5 x 10^^ than Roe's over the whole range. It may 
be due to the fact that Roe's model does not include CO2. Nevertheless, the 
Mathar's model is in excellent agreement with Roe's up to ~ 2.1 /im where 
the previously mentioned resonance with water plays a significant role. The 
majority of the J band is out of Mat har's model va lidity range so the curve 



was extrapolated. As it was shown in iMatharl (120071 ). this model exceeds the 



measurements of the refractive index of moist air by an almost constant value 
of 4 X 10~^ except for the resonance region where the empirical data is smaller 
by 6 X 10"^ 

For the remaining calculations, we decided to reject the Ciddor's model as 
the harder to do, and use the two others: Roe's model as the simple one and 
Mathar's as the one which includes resonances, thus the more accurate one. 
Their accuracy is well enough for this application. 

Let us note that in order to make the infiuence of the refraction more pre- 
dictable in general, it is better to observe in the infrared. For A ~ 0.5/im, the 
refraction index is a much steeper function of wavelength than even for J band 
(1.25/im) whil e in t he K band (2.2/im) can be considered as almost constant 



see Fig. 2 in: iRod . |2002| ). Obviously, also for the adaptive optics purposes it 
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is better to operate in the longer wavelengths. We have also found it interest- 
ing to explore the accuracy of a simplified model in the presence of the water 
vapor resonance. Thus only the K band was chosen for further calculations. 



2.2 Refraction angle and relative astrometry 



Deriving the relation between the refractive index n{X,p,T,pw) (or H instead 
of Pw) and the refraction angle R{n, Zt) is not straightforward either. The 
relation for the refraction angle of a mori ochro mati c beam of light, Rmon, 
proposed bv lShubert fc Walterscheidl fl2000f ) and[Roi fl2002h is: 



R-n 



\as\ 



~ 



206265 



n 



2n2 



tanzi, 



(4) 



A more sophisticated approach is presented by IStond (Il996l ) where Rmon in 
the visible (VIS) depe nds on t an^ Zt and the non-spherical shape of the Earth 
is taken into account. IStond (119961 ) also presents a simple way to compute 
the mean refraction i?^ by weighting the individual refractions Rmon{^) with 
the apparent stellar flux at the wavelength A and by averaging across the 
bandpass: 



Rr, 



S{X)E{\)A{\)L{X)F{\)D{\)RmonWd\ 
j;^ S{X)E{X)A{X)L{X)F{X)D{X)dX 



(5) 



where 5'(A) is the spectral energy distribution of a star, E{X) - the transmit- 
tance of interstellar dust, ^(A) - transmission of the atmosphere at a given 
airmass, L{X) - the transmission of the telescope optics, F{X) - the filter 
transmission and D{X) - the quantum efficiency of the detector. This averag- 
ing again favors the IR, where the method by Stone approaches the one by 
Roe. 

Figure [2] depicts the influence of AR on relative astrometry of binaries or 
other close pairs. AR changes the separation between the objects by a value 
of i?2i = \Rmi — Rm2\, aloug the direction to the Zenith. From the geometry 
of the effect, the following relation can be derived: 

p'^ =p^ + Rl^ + 2pR2iCos{e-ij), (6) 



where p', p are respectively the true and the apparent separations, 6' and 6 
are respectively the true and the apparent position angles of the second star, 
both measured from the vector pointing to the North counter-clockwise to the 
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position vector of the star B relatively to A, and if) is the paralactic angle 
(between the North and Zenith). 



One has also keep in mind that during a single observation, the zenithal dis- 
tance of the system changes with time, thus, in general, also the relative ob- 
served separation. Most of the Adaptive Optics systems guide in VIS, while 
observations are in IR. Dependence of R on zt and A will lead to a drift of the 
star's image across the CCD chip during one expos ure. This fa ct puts some 
limits on the exposure times and was investigated by iRod (120021 ) for the Keck 
II telescope. If the exposure time is too long, not only the measurement of 
position but also the refraction correction is more uncertain. 



3 Dependence of AR on weather conditions and observing wave- 
length 



We derived a simplified method which will be further called a semi-full ap- 
proach. In order to compute the monochromatic refraction angle, the equa- 
tions [T] and H] were used (Roe's model). The partial water vapor pressure was 
computed in the following way. The values of maximum water vapor pres- 
sure for a given temperature {j)w,maxiT)) are presented in Table [TJ A 5-th 
order polynomial was fitted to this data, with rms ~ 0.051, to derive a re- 
lation = H pyj^rnax{T) wherc H is humidity. The following grid of param- 
eters was used: p [hPa] = 613.25,813.25,1013.25 = p,; H [%] = 0,50,100; 
zi [°] = 0,20,40,60; Z21 = Z2 — Z\ ["] = 1,5,15. For every point of this grid 
-Rmon was calculated for the temperatures from the range of 223.15 - 293.15 
\K\ every \K. The range of weather conditions was chosen in order to simulate 
real conditions in many observatories starting from high-altitude ones where 
temperatures and air pressure values are low. 

For the mean refraction, a moderate simplification of Stone's (1996) method 
was u s ed. A {X) and E{X) were computed using the equations 23-26 from 
Stone fll996h . As an approximation of the spectral energy distribution S'(A), 



we used spectra of black body in temperature of 7000 K, which corresponds 
to a FO star. The transmission of a telescope optics and quantum efficiency 
of a detector were assumed to be constant across a given band. Instead of an 
exact filter transmission curve, we used a model of an ideal filter characterized 
by the central wavelength Ac, total bandwidth AA and constant transmission, 
which for modern filters is true down to a level of a few %. We applied the 
data for Paloma r High Angular Resolution Camera (PHARO) for the K filter 



(IHayward et al.l . I2OOII ). As will be shown below, this semi-full approach is 



appropriate for relative astrometry. 

Figure [3] shows R12 computed with the semi-full approach for the K band. The 
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refraction correction is comparable to or bigger than 1 mas. Such a precision 
of relative astrometry is easily achievable from the ground. As the temperature 
and pressure dependence shows, the effect can also vary by a value higher than 
1 mas. Obviously, the influence of the weather conditions decreases when the 
separation and zenithal distances are smaller. Less obvious is the fact that AR 
is more significant in low temperatures typical for high-altitude observatories. 
The correction R21 is then about 30-40% higher, the function is slightly steeper 
and the air pressure has an impact as well. Thus, one may say that it is 
better to observe close pairs, high over the horizon, in low air pressure and 
high temperatures. However high temperatures are an issue in the K band 
for two reasons. Firstly, more turbulence is created, so the AO correction 
is less efficient, thus the precision of the astrometry is lower. Secondly, the 
thermal background becomes more significant and variable. This means more 
difficulties in measuring accurate positions of stars in an image. 

The partial water pressure (or humidity) is not as important in the semi-full 
approach. Fig. H] shows how the refraction correction changes with humidity. 
In the most extreme case (high z, Z21, air pressure and temperature), the 
scale of the change is s maller than 100 nas. This is a level of precision whic h 



can be achieved today (IHelminiak fc Konackil . l2008l : iNeuhauser et al.l . |2006| ). 



However, for more probable temperatures, lower pressure and smaller zenithal 
distance and separation, the typical refraction correction is much smaller. 
What is interesting, R21 decreases as the humidity rises, and the steepness of 
the function is constant. If humidity would not be included into calculations 
(the last factor in Equation [T] would be 0), no significant uncertainties would 
occur but we recommend to keep this factor in mind when calculating AR 
corrections. 



4 Requirements 



The results obtained by the computations of the refractive corrections with the 
semi-full approach were compared to calculations based on full computations 
of all terms in Eq. Eland with monochromatic refraction Rmon itself. For the full 
approach the Mathar's model of the refractive index was used, A{X) and E{X) 
were computed as previously, a black-body spectrum with T^ff ~ 7000 K was 
used for both stars' S{X). The transmission curve of PHARO camera optics, 
as well as PHARO's filters transmission curves (Fig. [T]) and the detector's 
quantum efficiency were adopted for L{X), F{X) and -D(A) respectively. This 
data was kindly sent by Dr. Bernhard Brandl from Leiden Observatory. The 
telescope optics transmission curve unfortunately was unavailable, thus it was 
assumed to be constant. 

In FigureOthe differences between the monochromatic R2i,mon, semi-full R2i,sf 
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and full -R21,/ computations of the refraction corrections in the K band are 
shown. Humidity is set to 50%, air pressure to Ps- Z\ — zi is set to 10" and 
Z\ to 20° (left panel) or 2:1—^2 = 15" and z^ = 60° (right panel). They 
clearly show that the calculation of monochromatic AR only is good enough 
for achieving precision of single fias in many probable sets of weather and ob- 
serving conditions. For todays and future astrometric research in small fields 
in the infrared, one can compute only Rmon set at Ac of a certain filter. Knowl- 
edge of all the transmission and quantum efficiency curves seems unnecessary, 
especially for the longer wavelengths. 

Situation is rather more complicated when considering spectral types of stars. 
For stars with similar temperatures it does not matter if one uses full or semi- 
full approach. However when the effective temperatures differ, the differences 
between -R21,/ and R2i,sf are not negligible if nas or even mas precision is 
required. Due to a weak wavelength dependence, these differences are lower in 
K than in J band. 

The differences between the full and the semi-full approach in the K band are 
shown in Figure [H] for the same conditions as in Fig. [S] for three systems - 
08 (Te// ~ 37000 ir) + Ml (Te// ~ 3700 fsT), Ml + M7 (T^// - 27m K) and 
FO + FO (Te// ~ 7000 K). Brighter (hotter) stars are closer to the zenith. At 
the higher zenithal distance, for the first binary, errors caused by the usage 
of the semi-full approach do not allow to go down to a precision of 100 /las 
except for the narrow range of temperatures around 250 K. Situation is only 
a bit better for the M-type binary. For the pair of identical stars, this level of 
precision is easily achievable with the semi-full approach. 

For a comparison, we also show the results of calculations for the same pairs 
of stars but observed higher over the horizon [zi = 20°) and with smaller 
separation (2:21 = 10 as). For the new conditions, the situation in the K band 
improves (as expected) and even 10 fias precision is achievable in some condi- 
tions for every pair (especially around 250 K). It is also worthwhile mentioning 
that in the case of real astrometric measurements of 08 -|- Ml pair, an ob- 
server has to face several other sources of uncertainties caused by the large 
contrast of the observed stars. In the J band, the results would reveal a more 
complicated behavior. For cooler stars (or rather black-bodies) the maximum 
of the spectral energy distribution lies in the neighborhood of the J band. At 
1.25 fim different types of stars have different shape of >S'(A), while at 2.2 /im 
the energy distribution looks more or less similar, no matter what the spec- 
tral type is. One must also remember that the refraction index is a steeper 
function of A in J than in K band. Thus it is better to calculate AR in the K 
than in J band or simply observe with a narrow-band filter. 

This may be still not enough in the case of exoplanets. Their spectra are ex- 
tremely different from the black-body. Possible various abundances of molecules 
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like water, methane, ozone, carbon dioxide and many others would make ev- 
ery planet's spectrum unique. After direct imaging of a planet, which is said 
to be less difficult with ELTs, precise astrometry may be possible only after 
obtaining a high signal to noise spectrum in IR. 

The influence of bandwidth on the refraction correction in the semi-full nomen- 
clature is shown in Figure [71 Once again we used 08 + Ml pair observed 20° 
from zenith, separated by 10 mas (left) and observed 60° from zenith, sepa- 
rated by 15 mas (right). The air pressure was set to Ps and 50 % humidity was 
assumed. The plot shows the refraction correction i?2i.<i/for: 1) a perfect filter 
with the central wavelength Ac = 2.196 /xm and bandwidth AA = 0.336 /xm 
that corresponds to PHARO's K filter (solid line) - "normal", 2) a "wide" 
filter with the same central wavelength but 2 times wider bandwidth (dashed 
line), 3) and a "narrow" filter with the same Ac but 2 times smaller band- 
width. When A A for a given band reaches zero, R2i,sf becomes R2i,mon- The 
correction is the smallest in "wide" filter and the biggest in "narrow" one, but 
only if the hotter star is higher over the horizon. It is exactly the opposite 
when Ml star is closer to the zenith. The differences between these two cases 
are the smallest in the "narrow" .case. 

As seen in Figures [3], O and El the required precision of air pressure and tem- 
perature readings may vary with the zenithal distance and separation of stars. 
Especially the dependence on temperature in the full approach is interesting 
due to the infiuence of the resonances near the K band. For close pairs high 
over the horizon, any reasonable temperature and pressure can be set and 
mas precision is reachable. Note that in the semi-full approach even at 60 
degrees from zenith, p = ps, R21 changes from 1.4125 to 1.0732 mas across a 
given temperature range which gives about 4.85 fias per 1 K. For the same 
case, at the constant temperature 223.15 K, the refraction correction changes 
from 0.8551 at 613.25 hPa to 1.4125 mas at Ps which gives about 1.39 fias 
per 1 hPa. This allows us to achieve 1 mas actually without any knowledge 
of weather readings and 10 fias precision when conditions are known with 
an uncertainty of 1 unit. At the same time, it suggests that for other cases, 
when R21 is bigger, a much higher than 1 unit precision of weather condition 
readings might be required to achieve 1 fias. 

In Table [21 all the requirements for high-precision astrometry in the K band are 
collected. The maximum allowable errors of weather conditions readings are 
given and the need of knowing spectral type of stars (Sp.T.) and usage of the 
full approach (F.Ap.) is specified ^ I. The precision in humidity is not specified 
as a typical 1% precision will affect astrometry at a level comparable to 1 fias 
in the most extreme cases. For a given zenithal distance and Z21, the set of 



Note, that when sp. type is needed, the usage of monochromatic refraction only 
is forbidden 
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requirements will lead to measurement errors at the level of given precision 
a (in Table [2]) or significantly smaller. As one can see, to reach the ^as level 
precise readings of air temperature and pressure are needed in some cases. 
Those numbers can be compared to the accuracies of real measurements. For 
example the weather station at Paranal, provides the following accuracies of 
readings: 0.2 K in temperature, 0.1 hPa in pressure and 1% in humidity. It 
simply means that 10 ^as is not achievable there. 

Unfortunately, milikelvin or higher variations of temperature as well as varia- 
tions of the air pressure around the telescope's dome are very probable. This 
means that achieving /xas-measurements in wider fields can be impossible, at 
least by using this model of Earth's atmosphere, even if weather instruments 
would be accurate enough. It refers not only to single-mirror telescopes but 
also to interferometers. Ground based astrometry might be limited to 1 or 
even 10 microarcsecond level by the impossibility to carry out proper AR 
calculations. 



5 Summary 



Undoubtedly, it is necessary to account for the atmospheric refraction to 
achieve precision of astrometric measurements at the level of miliarcseconds 
or better. In order to simplify the procedure it is better to observe in the 
infrared (the longer wavelength, the better) and with narrow-band filters. In 
cases of the most reasonable zenithal distances and observing conditions, the 
usage of the semi-full approach (without the transmission and quantum ef- 
ficiency curves and with the black-body spectrum. Roe's refraction model) 
allows to obtain precision well below 1 miliarcsecond. In many cases, also the 
monochromatic refraction is sufficient. Nevertheless, to compute AR prop- 
erly one still has to know the air temperature and pressure rather well. It is 
also good to estimate stars' spectral types when Rmon is not enough. In the 
semi-full approach (or any other) standard precision of weather readings (0.1 
0.01 hPa and 1% in humidity) is enough to reach a ~ lO/xas which is 
still mostly unreachable by todays facilities. Nevertheless, future ELT-s will 
probably be more accurate astrometrically but this will require more accurate 
weather readings and maybe a better model of the Earth's atmosphere. Direct 
measurements of n in various conditions are usually carried out in laboratories 
or over long distances but inside the troposphere, so the light beam travels 
through a relatively stable environment, which is not the case in astronomy. 
Thus an improved atmosphere model, which may be required for reaching a 1 - 
10 /ias level of precision, would have to be calibrated using the measurements 
of stars' positions taken from the space, which will be achievable only after 
launching Gaia or SIM. 
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Fig. 1. The refractive index as a function of wavelength for the standard temper- 
ature, pressure and 50% relative humidity, overplotted with the filter transmission 
curves of the PHARO camera (thin solid line). Roc's, Ciddor's and Mathar's mod- 
els arc plotted with thick solid, dashed and dot-dashed lines respectively. 100% 
transmission is at {n — 1.00027) = 4 x 10~^. 
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Fig. 2. Geometry of the refraction and its impact on the relative astrometry of a 

close pair of stars. N is the direction to the North, Z to the Zenith. The second star 
is observed at the point B (p, 9), while its real location is at B'(p', 9'), relatively to 
A. 
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Fig. 3. The refraction correction in the K band according to the semi-full approach. 

Each panel corresponds to a different zenithal distance of 0, 20, 40 and 60 degrees. 
The solid lines are for Z2 — zi = 1 , dashed for 5 and dot-dashed for 15" . Every three 
lines correspond to p = 613.25 hPa (bottom of the three), 813.25 hPa (middle) and 
1013.25 hPa = Ps (top). 
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Fig. 4. The impact of the humidity on the refraction correction (K band, semi-full 

approach). The solid line in the left panel refers to 0% humidity, dashed to 50% 
and dot-dashed to 100% humidity. The right panel shows the dependence of I-R21I 
on humidity at T = 293.15 
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Fig. 5. The differences between the monochromatic, R2i,mon, semi-full, R2i,sf and 
full, -R21,/, computation of the refraction correction in the K band for FO + FO pair. 
P = P^/h = 50% and zi = 20°, Z21 = 10" (left) or zi = 60°, Z21 = 15" (right). The 
difference i?2i,s/ — R2i,mon is denoted with the solid line and R21J — R2i,mon withe 
the dashed line. 
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Fig. 6. The differences between the fuh and semi-full (i?2i,/ — -^21,5/)) computation of 
the refraction correction in the K band for 08 + Ml (solid), Ml + M7(dashed), and 
FO + FO (dot-dashed line). Observing conditions are given, p = Ps and H = 50%. 
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Fig. 7. The dependence of the refraction correction in semi-full approach R2i,sf 
on the filter bandwidth for K band. Calculations are for 08 + Ml pair. Observing 
conditions are given, p = Ps and H = 50%. In both cases solid lines denote "normal" 
filter (Ac, AA), dashed line - "wide" filter (Ac, 2AA) and dot-dashed - "narrow" 
filter (Ac, ^AA). 
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Table 1 

Maximum water vapor pressure as a function of the temperature. 



Temper. 

[°c] 


Pw,max 

[hPa] 


Temper. 

[°c] 


Pw,max 

[hPa] 


50 


123.3 





6.11 


45 


95.77 


-5 


4.21 


40 


73.72 


-10 


2.68 


35 


56.2 


-15 


1.9 


30 


42.41 


-20 


1.25 


25 


31.66 


-25 


0.8 


20 


23.27 


-30 


0.5 


15 


17.05 


-35 


0.309 


10 


12.28 


-40 


0.185 


5 


8.72 


-45 


0.108 
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Table 2 

The weather reading and other requirements for a relative astrometry with a given 
precision. The uncertainty in the humidity is assumed to be 1%. The symbols dT 
and dp refer to the errors in the temperature and pressure corresponding to an 
error in the refraction correction at least two times smaller than a given precision 
a. The symbol "n — n" stands for not necessary — meaning that across a reasonable 
range of a parameter the variations in R21 are at least 2 times smaller than a given 
astrometric precision. 



dz 


dT 


dp 


Sp.T 


F.Ap. 


dT 


dp 


Sp.T. 


F.Ap. 


[as] 


[K] 


hPa] 






[K] 


[hPa] 






(T ~ 1 mas: 




z = 0° 








z = 20° 








1 


n-n 


n-n 


no 


no 


n-n 


n-n 


no 


no 


5 


n-n 


100 


no 


no 


n-n 


100 


no 


no 


15 


10 


50 


no 


no 


1 


50 


no 


no 




z = 40° 








2 = 60° 








1 


n-n 


n-n 


no 


no 


n-n 


100 


yes 


no 


5 


10 


100 


no 


no 


10 


50 


yes 


no 


15 


10 


50 


no 


no 


5 


10 


yes 


no 


(7 ~ lOO/ias: 




2 = 0° 








z = 20° 








1 


10 


100 


no 


no 


10 


100 


no 


no 


5 


10 


10 


no 


no 


5 


10 


no 


no 


15 


1 


5 


no 


no 


0.5 


5 


yes 


no 




z = 40° 








z = 60° 








1 


10 


50 


no 


no 


10 


10 


yes 


no 


5 


1 


10 


yes 


no 


5 


10 


yes 


no 


15 


1 


5 


yes 


no 


1 


5 


yes 


yes 


u ~ 10 fias: 




z = 0° 








z = 20° 








1 


1 


10 


no 


no 


1 


10 


yes 


no 


5 


1 


1 


no 


no 


0.5 


1 


yes 


no 


15 


0.1 


1 


no 


no 


0.1 


0.5 


yes 


no 




z = 40° 








z = 60° 








1 


1 


5 


yes 


no 


1 


1 


yes 


no 


5 


0.1 


1 


yes 


no 


0.1 


0.5 


yes 


no 


15 


0.1 


0.5 


yes 


no 


0.05 


0.1 


yes 


yes 


(T ~ ] 




















z = 0° 








z = 20° 








1 


0.1 


1 


no 


no 


0.1 


1 


yes 


no 


5 


0.1 


0.1 


no 


no 


0.1 


0.1 


yes 


yes 


15 


0.01 


0.1 


no 


yes 


0.01 


0.05 


yes 


yes 




z = 40° 








z = 60° 








1 


0.1 


0.5 


yes 


no 


0.1 


0.1 


yes 


no 


5 


0.01 


0.1 


yes 


yes 


0.01 


0.05 


yes 


yes 


15 


0.01 


0.05 


yes 


yes 


0.005 


0.01 


yes 


yes 
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